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ABSTRACT 
 
Characterisation and sampling of coarse heterogeneous soils is often impossible using common 
geotechnical in-situ tests once the soil contains particles with a diameter larger than a few decimetres. 
In this situation geophysical techniques - and particularly electrical measurements - can act as an 
alternative method for obtaining information about the ground characteristics. This paper deals with 
the use of electrical tomography on heterogeneous diphasic media consisting of resistive inclusions 
embedded in a conductive matrix. The adopted approach articulates in three steps: numerical 
modelling, measurements on a small-scale physical model, and field measurements. Electrical 
measurements were simulated using finite element analyses, on a numerical model containing a 
random concentration of inclusions varying from 0 to 40 %. It is shown that for electrode spacing 8 
times greater than the radius of inclusions, the equivalent homogeneous resistivity is obtained. In this 
condition, average measured resistivity is a function of the concentration of inclusions, in agreement 
with the theoretical laws. To apply these results on real data, a small-scale physical model has been 
built, where electrical measurements were conducted both on the model and on each phase. From 
these laboratory measurements, a very satisfying estimation of the percentage of inclusions has been 
obtained. Finally, the methodology applied to a real experimental site composed of alluvial fan 
deposits made of limestone rocks embedded in a clayey matrix. The estimated percentage of rock 
particles obtained via electrical measurements was in accordance with the real grain size distribution. 
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1 INTRODUCTION 
Coarse soils such as scree-slopes, till, alluvial fans, debris flows or slope deposits are commonly 
present in mountainous areas. The presence of decimetre to meter size pebbles or rocks in these 
deposits makes them difficult to characterise using traditional geotechnical techniques. First, in-situ 
tests like penetration tests or boreholes are hard to perform in such loose and heterogeneous 
formations. Second, the presence of decimetric rocks would require an elementary representative 
volume of soil (e.g. Standard NFP 94-056) much too large (several tens of cubic meters) for the 
traditional soil test devices. These materials are generally characterised by a two-phases procedure 
which consists in: (i) removing the grains larger than 100 millimetres in size and (ii) performing 
geotechnical tests on the remaining soil. However, such a procedure results in an underestimate of 
the mechanical characteristics of the geological formation. Indeed the angle of friction increases with 
the maximum particle size (Fagnoul & Bonnechere, 1969; Bourdeau, 1997) and with the proportion 
of grains, due to interlocking (Holtz, 1961). As classical geotechnical techniques are not efficient to 
characterize coarse materials at a scale which is consistent with their maximum particle size, 
alternative methods have to be developed, at least to estimate the overall proportion of grains, which 
constitute an interesting information in terms of mechanical properties. 
 
Geophysical methods, which are non-intrusive and able to investigate a large volume of soil, may 
constitute an interesting alternative to in-situ geotechnical tests. Quick and relatively cheap to 
perform, they are able to characterise coarse formations as a whole and to detect lateral variations of 
geophysical properties (P-wave velocity, S-wave velocity, electrical resistivity…). Their main 
drawbacks are the decrease of the resolution with depth and that mechanical properties of the soil 
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are not directly accessed. However, empirical correlations between geophysical and geotechnical 
parameters have been proposed, particularly between shear wave velocity and strength properties 
(e.g., Mayne & Rix, 1995). 
 
One of the main geophysical methods for deriving shear wave velocity profiles is the inversion of 
surface waves (Jongmans & Demanet, 1993). Several attempts were made to apply this method 
when characterising heterogeneous materials or “hard-to-sample” soils (Stockoe et al., 1988). 
Recently, Chammas et al. (2003) showed that Rayleigh waves are well-suited to the determination of 
shear wave velocity of a heterogeneous soil layer. Indeed, for wavelengths 7.5 times greater than the 
radius of circular inclusions, and within a concentration range from 0 to 50 %, surface waves 
homogenize the soil in accordance with the multiple-scattering homogenization theory (Christensen & 
Lo, 1979). By simulating via finite-element analysis, several random distributions of inclusions made 
of limestone or sandstone in a sandy matrix, Chammas et al. (2003) evinced the increase of the shear 
wave velocity Vs with the concentration of stiff inclusions (for velocity contrasts ranging from 2.4 to 
5.5). This relationship, validated using a small-scale model (Abraham et al., 2004) at two different 
concentrations (19% and 35%), allows one to estimate the concentration of inclusions present in a 
soil using only seismic measurement techniques. 
 
Electrical resistivity (or conductivity), which is an easy geophysical parameter to measure in the field, 
exhibits a wide range of values in nature, from 1 Wm in clay or contaminated soil to more than 104 
Wm in rocks like limestone or granite (Reynolds, 1997). Even if electrical and mechanical properties 
of the soils are not directly linked, electrical resistivity of a material is sensitive to the presence of 
resistive or conductive inclusions. For the interpretation of borehole resistivity logs in porous rocks, 
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many authors studied the link between the effective resistivity (macroscopic, with regard to the size 
of heterogeneities) of the saturated porous rocks and its characteristics (porosity, fluid 
conductivity…). Many decades ago, Archie (1942) performed DC electrical measurements on 
brine-saturated cores for a wide variety of sand formations and proposed a simple empirical 
relationship (equation 1) between the effective (equivalent homogeneous) resistivity r0 of the rock, 
the resistivity of the fluid rf, the cementation factor m and the porosity f.   
 
m
f
F -== f
r
r0 . (1) 
 
The ratio F is called the formation factor. According to Archie, m varies from 1.3 for unconsolidated 
sands to 1.8 to 2 for consolidated sandstones. From their electrical measurements on unconsolidated 
marine sands obeying to Archie’s law, Jackson et al. (1978) concluded that exponent m is entirely 
dependent upon the shape of the resistive particles, varying from 1.2 for spheres to 1.9 for platey 
shell fragments. A possible explanation for these variations is that the m exponent value increases 
when the conduction paths are more tortuous (Jackson et al., 1978). By performing measurements 
on artificial porous rocks obtained by the fusion of glass beads, Sen et al (1981) attributed a value of 
1.5 to the cementation factor in accordance with their homogenisation model. Geometrical 
considerations conducted Mendelson and Cohen (1982) to demonstrate that m takes a value of 1.5 
for spherical rock particles spread in three dimensions, in accordance with the results of Sen et al. 
(1981). Cementation factor m takes on a value of 2 in the case of cylinders with their axes 
perpendicular to electrical field (Sen et al., 1981) and for circular grains  in two dimensions 
(Mendelson & Cohen, 1982). In these Differential Effective Medium approaches, the desired 
concentration of inclusions is reached by adding infinitesimal increments of dispersed inclusions to a 
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host conductive continuous material. However the main limit of these models lies in the assumption 
that the inclusions are infinetely resistive. Based on the equation of Hanaï-Bruggeman, Bussian 
(1983) proposed an expression (equation 2) of the effective resistivity r0 for a diphasic medium 
composed of resistive inclusions (ri) embedded in a conductive matrix (rf).  
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where f is now the fractional volume of continuous medium. Equation (2) can be rewritten as 
equation (3), which provides a direct estimation of the composition of a diphasic medium through its 
effective (r0) and individual (ri, rf) electrical properties 
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Alluvial fan deposits found in the Grenoble area (France) are mainly made of a mixing of calcareous 
pebbles and clay (figure 1a), and can be considered as diphasic media composed of resistive 
inclusions embedded in a conductive matrix (figure 1b). Under this assumption, equation (2) can be 
used for computing the effective resistivity and equation (3) to estimate the relative fractional volume 
of rock and matrix. Figure 2 presents the ratio of the effective resistivity normalized by the matrix 
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value (r0 /rf) as a function of the percentage of inclusions, for 2 different contrasts of resistivity 
between matrix and inclusions (ri /rf = 10 and 100) and for m=2. On the same graph is plotted the 
homogenisation curve of the bulk modulus (Christensen & Lo, 1979) for a shear wave velocity 
contrast of 10. For the same contrast value, the electrical effective resistivity appears more sensitive 
to the presence of inclusions than the effective bulk modulus until an inclusion percentage of 80%. 
Insofar as electrical properties of natural materials vary in a wider range than the seismic ones, the 
electrical tomography technique seems to be a promising method to investigate heterogeneous soils 
where resistive particles are present. 
 
This paper proposes a methodology to estimate the composition of coarse heterogeneous soils using 
electrical measurements. Our approach articulates in three steps. The first step involves the use of 
finite element analysis (F.E.A.) to simulate electrical tomography experiments on a diphasic soil with 
known characteristics. The objective was to specify the required conditions for homogenizing the soil 
resistivity and to compare the numerical results with the predictions of the theoretical laws. In the 
second step, these requirements were tested using measurements performed on a small-scale 
laboratory model, where the concentration of resistive inclusions was known. In the last step, the 
methodology was applied to a real experimental site, where grain size analyses were performed on 
several samples in order to verify the predictions derived from electrical and electromagnetic 
measurements. 
 
 
2 NUMERICAL MODELLING OF ELECTRICAL TOMOGRAPHY 
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Electrical Tomography is now a classical and widely used multi-electrode method for imaging the 
subsurface (see, for instance, Reynolds, 1997). In this study, numerical modelling is used to simulate 
the results of electrical tomography measurements in a heterogeneous medium. The finite-element 
code CESAR-LCPC (Mestat, 1997; Humbert, 1989) was used for simulating the current flow 
diffusion at steady state (DC measurements). As the maximum number of finite elements in the code 
was limited to 1.105, most simulations were performed in two dimensions, with current line sources 
instead of point sources. This implies the reformulation of the geometrical factor k. In two dimensions 
and for a four electrode layout (A, B, M and N), the resistivity is given by: 
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where I is the current injected between electrodes A and B, and DV2D is the difference of potential 
between electrodes M and N. For a Wenner alpha array (identical interspacing a between the 
electrodes), equation (4) simplifies in: 
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If the medium is heterogeneous, the measured resistivity values are apparent resistivities which have 
to be inverted in order to obtain an image of the subsurface with real resistivity values. This process 
can be achieved using, for example, the software RES2DINV (Loke & Barker, 1996). In the 
following, we will use it to validate the homogenisation of the medium by comparing the apparent and 
real resistivity values. 
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Description of the model and preliminary tests 
The model structure (figure 3) is composed of a heterogeneous rectangular body (dimensions W and 
T, resistivity rf) containing circular resistive inclusions having all the same properties (radius R, 
resistivity ri) and bordered by an external homogeneous zone (resistivity re). Various numerical tests 
were conducted in order to ensure the validity of the F.E.A. model, using a mesh composed of 
three-node elements.  
The inclusions were non-jointed and randomly spread. As the current paths are mainly contained in 
the conductive matrix, the presence of at least two layers of finite element was required between two 
neighbouring inclusions, in order to not limit numerically the conduction of these areas. A minimal 
distance of 0.2R was needed between two inclusions to ensure a sufficient spatial discretization, 
limiting the possible percentage of inclusions to 40%. Moreover a minimum of two three-node 
elements between two neighbouring electrodes was required. Such a dense spatial meshing limited 
the possible size (W x T) of the heterogeneous rectangular body, the resistivity ro of which were 
studied. 
The external zone was defined in order to move the boundaries of the mesh (Dirichlet condition, 
V=0) away from the central investigated area. It was shown that the distance L between the centre 
of the mesh and its boundaries (figure 3) must be 15 times greater than the electrode spacing a, to 
contain the error on resistivity values below 0.5%. So the simulated sequence of measurements (with 
spacing varying from amin to amax) had to respect the condition L/amax ³15. 
The resistivity of the external zone re was fixed thanks to Bussian’s relashionship, using a 
cementation factor m=2 (2D, circular inclusions). The influence of this area on the current paths was 
analysed and a correction procedure was set up to clear the results from this disturbance. 
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Homogenising a heterogeneous soil requires an electrode spacing a larger than the radius (R) of 
inclusions. In order to define this condition, a sequence consisting of more than 1000 Wenner-alpha 
arrays was simulated on a mesh containing 40 % volume of resistive inclusions (ri = 100rf). The 
ratio a/R was calculated for each single measurement (spacing a), and varies between 1 and 25 on 
the whole sequence. The numerical results (figure 4) proved that over a value of ratio a/R equal to 8, 
the average resistivity becomes stable and the scattering significantly decreases, indicating that the 
soil is seen to be homogeneous by the method. Similar results were obtained with a concentration of 
inclusions of 25%. 
 
Results 
Once that the different geometrical requirements were defined (amin/R = 8; L/amax = 15; …) 
computations were performed for two different contrasts of resistivity ri /rf (10 and 100). A 
sequence of 135 measurements using Wenner alpha array was applied on each mesh representing a 
random distribution of inclusions, and the mean apparent resistivity was calculated on each pseudo-
section. Numerical results for 50 random concentrations varying in the range 0-40% are plotted on 
figure 5. They were compared to the theoretical laws (equation 3) with a cementation factor m equal 
to 2. Figure 5 shows a good fit between numerical results and theoretical laws, RMS values ranging 
from 3.6 to 4.0 % for the four tested resistivity contrasts (ri /rf = 10, 20, 50 and 100). Only the two 
extremes are shown in figure 5. Similar good agreements were found modelling square inclusions 
with a different software (Rey et al., 2003). Twelve of the simulated pseudo-sections (whose 
average resistivity is presented) on figure 5 were inverted using the Res2DInv software (Loke & 
Barker, 1996). No significant difference was observed between the mean apparent resistivity 
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(pseudo-section) and the mean inverted resistivity. Consequently, effective resistivity can be directly 
derived by averaging apparent resistivity values. 
This result confirms that the electrical tomography method homogenises correctly a heterogeneous 
soil when the condition specified here above (amin /R greater than 8) is verified, and consequently that 
theoretical law can be used. 
 
3 SMALL-SCALE PHYSICAL MODEL 
Description 
In order to compare the theoretical predictions to real data, we constructed a small-scale physical 
model consisting of a composite heterogeneous medium. A bin with dimensions 2 x 1 x 0.5 m was 
built out of marine plywood and filled with resistive wooden inclusions of one meter long, which were 
embedded in a matrix of silty sand (figures 6a, 6b). These rods, of square cross-section (27 x 27 
mm), were spaced at 13 mm intervals and set up in 12 layers of 40 mm, including the silty sand 
thickness (figure 6c). Inclusion volume concentration was uniformly distributed and equal to 44.3 %. 
The structure can be considered as two-dimensional. The silty sand was generated from crushing a 
sandy limestone. It was sieved at 5 mm and contains an important percentage of 80 mm weight 
undersize (30 to 40 %) and a moderate clay fraction (VBS = 0.6 at the methylene blue test, French 
Standard NF P 094-068). It was saturated to increase its conductivity and the water content was 
monitored. 
 
Measurements 
A reduced-scale measurement device was developed, consisting of 16 electrodes made of brass, 
with a diameter of 4 mm and a length of 150 mm. A wooden support was limiting their sinkage to 10 
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mm. They were spaced every 110 mm (figure 6d), so the homogenization condition (amin/R ³ 8) was 
respected since the inclusions are assumed to be cylindrical rods with a radius of 13.5 mm. A 
sequence of measurements was carried out on the full bin with an Iris Syscal R1+ as resistivity 
recorder.  
The raw pseudo-section (figure 7a) shows an important vertical gradient of resistivity due to the 
effect of the marine plywood envelop box whose resistivity is about 1000 times greater than its 
content. The 3D-effect of the resistive box was simulated with the finite-element code and the 
corresponding correction was applied on the raw data. The corrected pseudo-section (figure 7b) 
shows a slight negative gradient when depth increases, which remained after inversion (figure 7c). On 
the investigated part of the model (0-25 cm depth), the average (effective) resistivity value presents a 
negligible variation during the inversion process (figure 8), varying from 115 +/- 19 W.m for the raw 
data to 114+/-34 W.m after 6 iterations (uncertainty is given by the standard deviation computed on 
the tomography section). The major effect of inversion process was an increase of the scattering of 
the resistivity values. 
 
Resistivity of each component 
In parallel the resistivities of each component were measured in order to interpret the resistivity of the 
model in terms of concentration of inclusions. The bin was emptied by removing 3 layers at a time. 
At each stage, one sample of silty sand and 5 samples of wood were taken. DC resistivity was 
measured on each sample using a HP-34410 impedance meter with an input impedance of 10 GW. 
As the wood samples were cube-shaped, the resistivity measurements were performed in the three 
directions and the mean value (574 W.m) was kept. Silty sand samples were enclosed in a non-
conductive PVC cylindrical holder with an inner diameter of 21 mm and a length of 50 mm and 
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closed by two metallic electrode plates. Figure 9 shows the resistivity of the silty sand, which 
decreases with depth (from 45-50 in the upper part to 15 W.m at the bottom of the bin), as for the 
whole model. This vertical gradient of resistivity can not result from variations of the water content 
because the water alone was more resistive (between 20 and 23 W.m) than the saturated silty sand 
(15 W.m at the bottom of the bin). Such a low resistivity can be explained by the well-known surface 
conductance phenomena, which can lead a porous material to be more conductive than its pore fluid 
(for example, Revil et al., 2002). The vertical gradient of resistivity for the silty sand can be a 
consequence of a higher percentage of fine particles on the bottom than on the top of the model 
(38.5 % of 80 mm weight undersize measured on the bottom of the bin against 31.7 % on the top). 
Fine particles must have been dragged towards the bottom by the water percolation, during the 
saturation process. On the investigated part of the model (0-25 cm depth), the resistivity of the silty 
sand is nearly stable and the average value (48 W.m) was considered to estimate the model 
composition.  
 
Interpretation and discussion 
Since numerical computations validated the use of Bussian’s theoretical law to predict effective 
resistivity when the spacing amin of the smallest measurements is greater than or equal to 8R, equation 
(3) can be used to estimate the concentration of resistive inclusions in the physical model. So, 
considering the average resistivity of the mixture (115 W.m), the resistivity of the wood (574 W.m) 
and of the silty sand (48 W.m), the fractional volume of the resistive inclusions present in the model 
was estimated to 43.7 %, using m=2 (real 44.3 %). The chosen value for the cementation factor is 
supported by the 2D structure within the bin. Indeed the infinitely long rods (compared to their 
equivalent radius) can be considered at first approximation as everywhere perpendicular to the 
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electrical field. The exact concentration (44.3 %) is reached for a m value of 1.95. This slight 
decrease can be explained by the 3D current propagation (m=1.5 in 3D). Nevertheless these results 
prove, as for numerical modelling, that Bussian’s relationships can be used to link the effective 
resistivity of a mixture to its characteristics with a good precision. 
 
4 FIELD MEASUREMENTS 
Experimental site 
To apply our methodology under real conditions, an experimental site was investigated, localised 15 
km North of Grenoble, in the Gresivaudan Valley (France). This important NE-SW glacial groove 
separates the crystalline mountain chain of Belledonne to the East and the sedimentary mountain 
chain of Chartreuse located to the West. On the eastern boundary of the latter range of mountain, the 
sedimentary formations are eroded perpendicularly to the Gresivaudan Valley (toward NW) by the 
ephemeral stream torrent Manival (see figure 10). Its alluvial-fan deposits results from the erosion of 
two geological formations: Argovian marlstone and Sequanian marly limestones. Rocks are mainly 
produced by the fracturing of the marly limestone whereas clays and fines originate from the 
alteration of marlstone. 
Three geophysical profiles were defined in the upper part of the alluvial-fan, consisting of an electrical 
tomography and inductive electromagnetic measurements (Geonics EM31-D). Advantages of the 
latter method are its rapidity and a direct spatial integration of the apparent resistivity on the upper 
most 3-6 superficial meters. After these measurements, the ground was excavated vertically at each 
profile location and sampled at different points in order to compare the real grain size distributions 
with the estimated block concentration deduced from geophysics. 
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Geotechnical data 
Dimension of the largest particles (0.8m) observed on the field surface would require samples 
weighing more than 250 tons, according to the French Standard (NFP 94-056). For obvious 
practical reasons samples of 2 to 3 tons only were taken. After successive quartering and in-situ 
sieving, a mass of 20 kg of fraction 0/50 mm for each sample was brought back to the laboratory to 
undergo a complete grain size analysis and water content measurements. Each distribution shows the 
presence of a plateau for fine particle sizes and a clear change in gradient of each curve is observed 
from 5 to 10 mm (figure 11). So, the soil contains both fine particles and a significant proportion of 
rock pieces with diameter larger than 10 mm. 
 
Geoelectrical measurements 
Field experiments 
Each tomography profile was composed of 32 electrodes with a minimal spacing of 0.8m (diameter 
of the largest particles) in order to investigate the upper most four meters, depth of investigation 
being about one sixth of the profile length. Tomographies were performed using both Wenner-alpha 
and dipole-dipole arrays. Mean resistivity was calculated before and after inversion (table 1) keeping 
for each profile only representative spacing values (a ³ 8R). The inversion process generates a slight 
increase of the average values, compared to the apparent resistivity values.  
Electromagnetic measurements were performed along the same profiles, every one meter, with an 
intercoil spacing of 3.66 meters parallel to the profiles. The used frequency (9.8 kHz) and the 
observed range of resistivity allow to investigate the upper most 6 meters.  
At the scale of the whole site, apparent measured resistivities are the same whatever the used 
technique (table 1). At the scale of each profile, electromagnetic measurements appears less sensitive 
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to the lateral slight variations of resistivity, as shown on figure 12 representing in parallel EM and 
tomographic data for the P2 profile. It is probably due to its deeper integration, as well as the fact 
that electrical tomography seems more open to lateral zoning. 
 
Determination of the matrix and inclusion resistivity values 
In parallel, electrical characteristics of each component have been measured at two different scales 
(Table 2). At the scale of the geological formations we installed short profiles (32 electrodes with 
spacing of 0.5m) separately on outcrops of each formation located near the top of the catchment 
area. At a smaller scale, measurements on limestone were performed in the laboratory on cores using 
the same impedance meter as described therein. A corresponding value for fine particles was 
obtained using the field equipment with four-electrode spaced of a few tens of centimetres and driven 
in flood sediments. These deposits contained only particles of diameter less than 1 mm. Since 
measurements showed similar results whatever the scale, the following values can be kept: ri = 690 
+/- 70 W.m for limestone blocks and rf  = 50 +/- 3 W.m for matrix resistivity, considering that the 
resistivity of the marlstone is more a maximum boundary for the fine particles resistivity than an exact 
value. Then the contrast of resistivity ri /rf  between inclusions and matrix is equal to 14 +/-2.  
 
Interpretation and discussion 
On a large scale (i.e., the entire site), the inversion process does not modify significantly the mean 
resistivity value (less than 7%), so the average raw resistivity (181 W.m) was used for interpretation. 
After normalization by the matrix value, the obtained ratio r0 /rf of 3.63 leads to estimate the 
concentration of resistive heterogeneities to 66 +/- 5% (using m = 1.5 as seen above for dispersed 
spheres). The corresponding percentage volume of fine particles (34 +/- 5%), when reported on the 
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grain size distributions of the samples allows us to estimate the limit of size between what is 
considered as rocks or matrix. This mean size of 12 +/- 4 mm is in a good agreement with the 
change in gradient on curves observed on the undersize distributions (figure 11).  
For such material the grain size distribution is particularly interesting to determine and the first step 
consisting in the identification of the change in gradient on curves was successfull. 
 
5 CONCLUSIONS 
Our study was dedicated to estimate the potential of a classical geophysical method to characterize 
in a geotechnical sense the heterogeneous soils containing particles of decimetre to metre size. 
Among different geophysical methods, electrical tomography, which is now widely used for shallow 
investigation, was tested for estimating the concentration of resistive inclusions in a soil with a 
conductive matrix. Three approaches have been investigated: finite element modelling and 
comparison with existing theoretical homogeneization laws, small scale laboratory experiments and 
field measurements on a real site presenting limestone blocks embedded in a marly matrix. Finite 
element modelling and small scale laboratory experiments allowed us to define the conditions 
necessary to obtain equivalent homogeneous (effective) resistivity of heterogeneous materials. 
Numerical modelling showed that resistivity measurements homogenize correctly the heterogeneous 
soil for electrode spacing (Wenner array) 8 times larger than the inclusion radius. Also, numerical 
results validated the theoretical homogenization law of Bussian (1983) for the scale of decimetre to 
meter size inclusions. A critical parameter of the Bussian law is the cementation factor which depends 
of the particle shape and the current flow pattern (2D or 3D). For circular inclusions in a 2D model, 
m is equal to 2 and decrease to 1.5 in a 3D model for spherical inclusions. Using this homogenization 
law, resistivity measurements are able to provide an estimation of the inclusion percentage if the 
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resistivity of the two phases is known. This method was satisfyingly confronted to a laboratory 
experiment, for which the inclusion concentration was known. Finally, mean resistivities were 
deduced from electrical tomographies and inductive EM measurements on a real site, where the grain 
size distribution was independently characterized. Our measurements and interpretation showed that 
the obtained limestone particle concentrations were consistent with the grain size data. Compared to 
surface wave acquisition and processing, which also provide an estimation of the particle 
concentration in the ground (Chammas et al. 2003), the main advantages of resistivity measurements 
are their rapidity and the ability of obtaining a 2D image allowing lateral variations of particle 
concentrations to be detected on a site.  
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FIGURE CAPTIONS 
 
Figure 1: (a) Photography of an heterogeneous soil made of limestone rocks and particles embedded 
in marly clay (Torrent Manival, France) - (b) Schematic view of a diphasic medium with resistive 
inclusions in a conductive matrix. 
 
Figure 2: A: Normalised effective resistivity (?0/?f) as a function of concentration of inclusions for a 
cementation factor m=2 and a resistivity contrast ?f /?i =10 (after Bussian, 1983). B: The same as A 
for a resistivity contrast of 100. C: Normalised bulk modulus K0/Kf for a shear wave velocity 
contrast (Vsi/ Vsf) of 10 (Christensen and Lo, 1979). 
 
Figure 3: Finite element model meshing used in the numerical modelling. L and Z denote respectively 
the half length and the depth of the entire model. The heterogeneous rectangular body (large white 
square contour, dimensions WxT ) is located on the top at the centre of the meshing. The zoom 
shows that the host conductive medium (resistivity: ?f) is more densely meshed than the core of 
inclusions (?i). ?e is the resistivity of the external homogenous zone. 
 
Figure 4: Normalized effective resistivity (numerical results) as a function of ratio a/R for a 
concentration of heterogeneities of 40 %. The dashed line represents the relative variation of ?0/?f , 
error band are statistical (standard deviation). Vertical lines delimit the range of a/R for which the soil 
is seen to be homogeneous by the method (for a/R > 20, the influence of the external homogeneous 
zone re becomes predominant). 
 23 
 
Figure 5: Variation of the normalised effective resistivity as a function of the percentage of inclusions 
for two resistivity contrasts (10 and 100). Numerical results (apparent normalised resistivity) are 
computed for 50 random distributions of inclusions (with concentrations varying from 0 to 40 %). 
Theoretical curves are calculated using Bussian’s law with a cementation factor m = 2. 
 
Figure 6: Small-scale laboratory model. (a) Global view of the bin. (b) Layout of the 1 m long wood 
rods embedded in silty sand. (c) Partial cross section showing the mixing of square rods and soil. (d) 
Small-scale electrical measurement device. If not precised, dimensions are in millimetres. 
 
Figure 7: Results of laboratory electrical tomography measurements. Investigation of layer 0-25 cm 
depth : (a) pseudo-section data. (b) corrected pseudo-section data. (c) inverted resistivity model 
(here RMS=1.6 % after 2 iterations). 
 
Figure 8: Effective resistivity of the 25 most superficial centimetres of the model as a function of 
number of iterations. Full line represents the mean resistivity with associate standard deviation, and 
dashed line the RMS. 
 
Figure 9: Laboratory resistivity measurements on silty sand as a function of the bin depth.  
 
Figure 10: (a) Location of the real experimental site. (b) Global view of the erosion silted stream 
Manival. The investigated area is located by the white square contour (photo M. Gidon, www.geol-
alp.com). 
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Figure 11: Grain size distributions (grey curves) of the seven samples taken in the Manival site. The 
thick dashed curve is the mean. The mean inclusion percentage (66%) estimated by electrical 
measurements, corresponding to 34 +/- 5% undersize, leads to a size limit of about 12 (mean : bold 
arrow) +/- 4 mm (thin arrows) between matrix and inclusions.  
 
Figure 12: Electrical measurements on profile P2. (a) Apparent resistivity data obtained from EM-31 
measurements. (b) Measured pseudo-section from electrical tomography. Superficial non 
representative values have been removed. (c) calculated pseudo-section (Res2Dinv). (d) True 
resistivity model after inversion (RMS = 2.9%). 
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Resistivity Profile 1 Profile 2 Profile 3 Site 
Apparent (DC) 192 +/- 12 201 +/- 13 151 +/- 14 181 +/- 26 
True (inverted) 
% RMS 
204 +/- 7 
2.5% 
209 +/- 13  
2.9% 
169 +/- 9 
3.4% 
193 +/- 20 
Apparent (EM 31) 186 +/- 7 191 +/- 5 172 +/- 14 183 +/- 12 
 
Table 1 
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Scale ri    (W.m)    rf  (W.m) 
Centimetric Marly limestone :                    665-880 Fines :                         50+/-3  
Decametric Sequanian marly limestone :  690 +/- 70 Argovian marlstone : 55+/- 3 
 
Table 2 
 
 
 
 
 
 
 
